The present study characterized the effects of partial destruction of the cholinergic septohippocampal pathway on transmitter functions of surviving cholinergic neurons in the hippocampus.
Partial and full fimbrial transections were performed, and 3 weeks after lesioning, cholinergic functions were assessed in viva and in vitro. Heterogeneous degenerative changes occurring within neuronal populations are characteristic of brain aging and a variety of neurodegenerative diseases (Bowen et al., 1983; Cross et al., 1984; Candy et al., 1986; D'Amato et al., 1987) . Differential degeneration or death of individual neurons results in a residual population of functionally active cells. Upregulation of transmitter-related mechanisms such as the capacity to synthesize, store, and release neurotransmitters may allow residual neuronal populations to compensate partially or fully for the loss of neighboring neurons ofthe same population. The best-studied example of such compensatory changes by a residual population of neurons is that of dopaminergic neurons forming the nigrostriatal projection, neurons that die progressively in Parkinson's disease (Homykiewicz, 1972; Bemheimer et al., 1973) . Postmortem studies have revealed that dopamine levels in target areas of substantia nigra neurons have to decline to less than 20% before the clinical manifestation of parkinsonian symptoms (Zigmond and Snicker, 1989; Zigmond et al., 1990) . The gradual loss of dopaminergic neurons in Parkinson's disease is mimicked by experimental lesions of rats using 6-hydroxydopamine, a lesion that destroys part of the population of dopaminergic neurons. Such lesions, produced by injecting submaximal amounts of 6-hydroxydopamine into the substantia nigra, result in partial loss of various biochemical parameters reflecting dopaminergic function, and, as found in parkinsonian brains, these partial lesions result in elevations of dopamine synthesis and release by surviving neurons (Agid et al., 1973; Hefti et al., 1980 ; for reviews, see Zigmond and Snicker, 1989; Zigmond et al., 1990 ). In addition, there is an increase of the electrical activity of the surviving dopaminergic cells (Zigmond et al., 1990) . Five to 10% of the initial number of dopaminergic neurons seems to be sufficient to provide functional release at the level of a normal nigrostriatal population (Melamed et al., 198 1; Stachowiak et al., 1987) , suggesting a very high capacity for transmitter synthesis and release by surviving dopaminergic neurons. In addition, following an extensive nigral lesion (> 80%) dopaminergic neurons remain responsive to pharmacological stimulation and release dopamine at a faster rate (Hefti et al., 1985) .
In contrast to these well-established compensatory elevations in dopamine synthesis and release by nigrostriatal neurons, little is known about compensatory increases by residual populations in other neuronal systems. After partial injury to central noradrenergic neuronal systems, the ratio of extracellular norepinephrine, measured by microdialysis, to norepinephrine contained in the tissue is elevated, suggesting compensation in the noradrenergic system similar to that in the dopaminergic systems (Abercrombie and Zigmond, 1989) . Comparable studies concerning compensatory mechanisms of central cholinergic neurons or other non-catecholaminergic neurons are not available. Recently, while studying the effects of partial transections of the fimbria, the major afferent pathway of hippocampal cholinergic innervation (Kasa, 1986) , we observed in vivo compensatory changes occurring in residual hippocampal cholinergic neurons. This finding was of particular interest considering the wealth of knowledge concerning the role of the hippocampal cholinergic system in memory formation and consolidation and cognitive impairment associated with the degeneration of hippocampal cholinergic neurons (Bartus et al., 1982; Olton and Wenk, 1987) . The septohippocampal cholinergic neurons coursing through the fimbria represent part of the ascending cholinergic projections that provide a widespread and topographically organized innervation to the hippocampus and cerebral cortex (Mesulam et al., 1983a,b, Butcher and Woolf, 1986 ; for review, see Kasa, 1986) . These neuronal populations have been shown to be involved in functions related to cognition and memory (for review, see Bartus et al., 1982; Olton and Wenk, 1987) . Degenerative changes of these systems, including cell loss, represent characteristic neuropathological and neurochemical features of Alzheimer's disease (Bowen et al., 1976; Davies and Maloney, 1976; Perry et al., 1978; Whitehouse et al., 1982; Arendt et al., 1983; Coyle et al., 1983; Nagai et al., 1983; Francis et al., 1985; Araujo et al., 1988a; Lapchak et al., 1989a; Quirion et al., 1989) .
In the present study, we thoroughly investigated the effects of partial and full transections of the fimbria on presynaptic cholinergic function in the hippocampus. (Jenden et al., 1973) . Physostigmine sulfate, choline chloride, glycylglycine, dithiothreitol, ATP disodium salt, veratradine hydrochloride, choline kinase (EC 2.7.1.32, ATP: choline phosphotransferase), acetylcholine esterase (EC 3.1.1.7, acetylcholine hydrolase, type V-S), 3-heptanone, and tetraphenylboron (TPB) sodium salt were from Sigma Chemical Co. (St. Louis, MO).
Lesions. Fimbrial lesions were performed as described previously by Lapchak and Hefti (199 1) . Briefly, rats were anesthetized with equitensin (pentobarbital) and placed in a stereotaxic apparatus. A small slit was cut into the skull on the left side and 2.0 mm posterior to bregma. For full transections of the fimbria-fomix connection between septum and hippocampus, a lancet-shaped knife (8 mm long, 0.7 mm wide, with a sharp tip) was lowered 5 mm below the dura into the brain at the midline and at 2.0 mm posterior to bregma (corresponding to level A6100 according to the atlas of Koenig and Klippel, 1963) . The knife was then moved laterally to 5.0 mm lateral to the midline and retrieved at this position. For partial transections of the fimbria-fomix connection between septum and hippocampus, the knife was inserted 5 mm below the dura into the brain 1.5 mm lateral to the midline and at the same anteroposterior position. The knife was also moved laterally to 5.0 mm lateral to the midline and retrieved at this position. The areas transected P v F Figure 1 . Full and partial transection of the fimbria-fomix as performed in the present study. A lancet-shaped knife was inserted at the midline or 1.5 mm lateral to the midline and then moved laterally. Because of the elasticity of the fimbria, and to ensure its transection, the knife was moved farther lateral (0.20 mm) than the fimbria's normal position. The cross hatched urea is cut by both types of lesions; the hatched area, by the full transection only. F, position of knife insertion for full fimbrial transections; P, initial position of knife for partial transections. Anatomical structures: CFV, ventral commisure of fomix; Cl, internal capsule; CP, caudate putamen; F, fimbria; GP, globus pallidus. The lesions were verified using AChE as a marker for hippocampal cholinergic axons. The drawing on the right shows the localization of sections taken for AChE histochemistry and shown in Figure 2 .
by the two types of lesions are illustrated in Figure 1 . All animals were used 3 weeks following partial or full fimbrial transections, based on earlier studies indicating completion of degenerative changes after that interval of time (Hefti et al., 1984; Montero and Hefti, 1988) .
Measurement of r3H]ACh synthesis in tissue slices. Brain slices were prepared as previously described by Iapchak and Collier (1988) and Lapchak and Hefti (1991) . Briefly, the animals were decapitated, and the brains were rapidly removed into cold Krebs' medium (composition, in mM: NaCl. 120: KCl. 4.6: CaCL. 2.4: KI-LPO,. 1.2: MeSO,. 1.2:
., I Ye -.I > glucose, 9.9; NaHCO,, 25) equilibrated with 5% CO, in 0, to maintain a pH of 7.4 at 37°C. The hippocampus was then dissected on ice and sliced using a McIlwain tissue chopper (set at 0.2 mm thickness). Slices were preincubated in normal Krebs' medium (0.50 ml) containing physostigmine sulfate (30 FM) and choline chloride (1 PM) for a recovery period of 45 min, with one change of medium after 30 min. The medium was separated from tissue slices by centrifugation in a microcentrifuge (10,000 x g). Following this, slices were incubated for 15 min in normal Krebs' medium in the presence of 2 PCi ['HIcholine chloride (final concentration, 1 PM choline chloride). The medium was then separated from the tissue by centrifugation, and the total amount of [)H]ACh contained in the tissue was measured following extraction of the tissue with 10% trichloroacetic acid (TCA). The sample was centrifuged to remove TCA-insoluble matter, and the resulting supematant was extracted with 30 vol of water-saturated ether to remove TCA. The aqueous extract was used for the measure of ['H]ACh. [)H]ACh and [3H] choline were extracted from the medium by TPB in heptanone (10 mg/ml) and recovered from the organic phase by shaking with a half volume of AgNO, (20 mg/ml). Excess silver was precipitated by the addition of 10 ~1 of M&l, ( 1 M) uer 100 ~1 of samnle. Samnles were then lvonhilized. and ['H]ACd was' separated from PHIcholine by incuba;on in the presence of choline kinase (0.005 U), in the following reaction mix: ATP (0.8 mM), dithiothreitol(5 mM), MgCl, (12.5 mM), and glycylglycine (25 mM, pH 8.3). After this incubation, which generated [3H] phosphorylcholine from ['HIcholine, leaving the [)H]ACh unchanged, the [3H] ACh was extracted by TPB/heptanone (10 mg/ml). For each sample, an assay blank was prepared by treating an aliquot of each sample with AChE before incubation with choline kinase. which allowed for the correction of any contribution that would be made by ['HIcholine in the samples.
The PH]ACh was quantitated by liquid scintillation spectrometry using Lapchak and Collier (1988) . For this, hippocampal slices were incubated in Krebs' medium for 15 min following the synthesis period described above. Following the incubation, tissue slices were pelleted by microcentrifugation, and the amount of [3H] ACh in the supernatant was measured. A second incubation was carried out in the presence of the depolarizing agent veratridine in order to evoke ['H]ACh release. The sum of the values was used as total [3H] ACh output following partial or full fimbrial lesions. Assay for ChAT activity. ChAT activity was determined as described previously by Araujo et al. (1988a) and Lapchak and Hefti (199 1) . Tissue was homogenized in a medium of the following composition: NaCl(200 mM), sodium phosphate buffer (pH, 7.4; 40 mM), and Triton X-100 (0.5%). Samples (35 ~1) were then incubated (38°C 30 min) in a medium (15 ~1) containing unlabeled acetyl CoA and [ZH]acetyl CoA (50,000-60,000 dpm per tube; final concentration, 0.25 mM acetyl CoA), choline chloride (12.5 mM), physostigmine sulfate (0.2 mM), NaCl (300 mM), partial les partial les full les full les in vitro in vivo in vitro in Na-phosphate buffer (pH, 7.4; 28 mM), bovine serum albumin (0.5 mg/ ml), and Triton X-100 (0.35%). The reaction was terminated by the addition of TPB/heptanone (15 mg/ml), which extracts the [3H]ACh but not the [3H] acetyl CoA. Radioactivity in the top organic phase was determined by liquid scintillation spectrometry. High-ajinity choline uptake (HACU) in hippocampal synaptosomes. The hippocampus was dissected and homogenized in 0.32 M sucrose. Synaptosomes (P2 pellet) were prepared as described previously by Lapchak and Collier (1988) . An aliquot of the synaptosomal suspension was incubated with 40 nM [)H]choline (8 Ci/mmol) for 4 min. The uptake was terminated by filtration through glass-fiber filters. Nonspecific uptake was defined as uptake occurring at 4°C which is identical to that measured in the presence of 10 PM unlabeled HC-3. Radioactivity bound to the filters was measured using liquid scintillation spectrometry following solubilization of the filters.
Measurement of ACh synthesis in vivo. Rats were injected with [*H,]choline (20 nmol/gm) via the tail vein and killed 1 min later by focused microwave irradiation of the head (5 kW for 1.7 set). Brains were then removed, the hippocampus was dissected, and ACh and cho- Significance versus corresponding control side: ** p < 0.0 1.
line were extracted as ion pairs with dipicrylamine (Freeman et al., 198 1) . Their concentrations were then measured by gas chromatography-mass spectrometry (GCMS; Jenden et al., 1973) . Rates of ACh synthesis were calculated as described previously by Jenden et al. (1974) . Acetylcholinesterase (AChE) histochemistry. Adult rats were deeply anesthetized with equitensin and perfused transaortically as described previously by Lapchak et al. (199 1) . Briefly, animals were perfused with a mixture of 4% paraformaldehyde and 0.2% picric acid in 0.1 M phosphate buffer (pH 7.4). The brain was removed from the skull, postfixed overnight in the same solution, and immersed overnight in a 30% sucrose phosphate-buffered solution. They were snap frozen by immersion in 2-methylbutane at -4O"C, and 30 pm sections were cut on a cryostat. AChE was visualized according to Tago et al. (1986) . Floating sections were preincubated for 30 min at room temperature with 30 PM tetraisopropyl pyrophosphoramide (iso-OMPA) to inhibit nonspecific cholinesterases. They were then incubated for 15 min at room temperature in a solution of 0.5 mg/ml acetylthiocholine iodide, 3 mM CuSO,, 0.5 mM K,Fe(CN),, and 5 mM sodium citrate in 0.1 M Tris-maleate buffer (pH, 5.7), and diluted 1: 10 with 0.1 M sodium phosphate buffer (pH, 7.2) immediately before use. After incubation, the sections were washed, and the reaction product was visualized by incubating them in a solution containing 4% diaminobenzidine, 0.3% nickel ammonium sulfate, and 0.003% H,O,.
Statistical analyses. Data points given correspond to values from hippocampus of individual animals. Results are typically expressed as means of: SEM of the number of experiments or animals, as indicated. Statistical significance was assessed using analysis of variance (ANOVA) followed by the Student's unpaired t test and Scheffe's test.
Results
Partial and full fimbrial transections were used to produce, respectively, partial or near-total reductions of the cholinergic input to the hippocampus.
As described in detail in an earlier study (Hefti et al., 1984) , 3 weeks following partial fimbrial transections there was a reduction in the density of AChE-positive fibers throughout the hippocampal formation of the lesioned side (Fig. 2) . There was a gradual decrease in density of AChE fibers throughout the hippocampal formation.
Overall, a progressive reduction in the intensity of AChE staining was observed proceeding from the septal to the temporal pole of the hippocampus.
Near the septal pole, the reductions in the CA3 area were more pronounced than those in the dentate gyrus. Full fimbrial transections significantly reduced AChE staining throughout the hippocampal formation, leaving only a small number of residual fibers in dentate gyrus and the CA3 region (Fig. 2) .
ChAT activity in hippocampal homogenates and [3H] ACh synthesis by hippocampal slices were measured to assess presynaptic cholinergic function in vitro. Partial and full fimbrial transections reduced ChAT activity on the lesioned side to 65.0% and 32.2%, respectively, of values measured on unlesioned control sides (Table 1 ). There were no significant changes in unlesioned hippocampus as compared to nonlesioned control animals (94-108% of control), justifying the use of the unlesioned sides as controls. Similar reductions were obtained when measuring 13H]ACh synthesis by hippocampal slices. [3H] ACh synthesis from the precursor molecule [3H] choline was reduced to 54.3% and 19.7% of control values in hippocampus with partial and full fimbrial transections, respectively ( Table 2) . As described above for ChAT activity, unilateral fimbrial lesions did not result in significant changes of [3H] ACh synthesis on the unlesioned sides (95-120% of control). [3H] ACh release from hippocampal slices in vitro was also significantly decreased by both partial and full fimbrial lesions (Fig. 3) . These values were 43.7 ? 8.2% and 13.5 * 6.8% of control values for partial and full fimbrial lesions, respectively.
High affinity choline uptake (HACU), rather than ChAT activity, is generally believed to be the rate-limiting step in ACh synthesis in vivo (Jope, 1979; Collier, 1988) . Therefore, we mea- fimbrial transections reduced endogenous ACh levels on the lesioned side only to 88.0 f 13.1% of the level on the corresponding unlesioned side; however, this small reduction did not reach statistical significance (p > 0.05). Following full fimbrial transections, the levels of endogenous ACh were reduced to 28.7 f 2.9% of control values (Table 3) (Table 5) . These decrements are similar to those obtained when measuring the in vitro parameters described above. These findings suggest that functional compensation does not occur in the cholinergic terminals surviving full fimbrial transections.
The compensatory increases in ACh synthesis by cholinergic axons surviving partial fimbrial transections are further illustrated in Figure 3 . Partial fimbrial lesions reduced in vitro parameters of presynaptic cholinergic function. ChAT activity, [3H] ACh synthesis and release, and HACU were decreased by 35-50%. However, in contrast, there were no significant reductions in parameters reflecting cholinergic function in vivo, that is, levels of endogenous ACh, [*H,]ACh synthesis from [ZH,]choline, and the synthesis rate of [*H,]ACh. Similar to calculations typically performed for functional upregulation of dopaminergic function, it is possible to express the upregulation of ACh synthesis by calculating the ratio of ACh synthesis in vivo to a parameter reflecting cholinergic function in vitro. These ratios allow for an estimation of cholinergic synthetic capacity per surviving cholinergic neuron. Our studies revealed that, in the hippocampus ipsilateral to the partial fimbrial lesion, the ratios of [*H,]ACh synthesis in vivo to ChAT activity in homogenates, to [)H]ACh synthesis in slices, and to HACU activity in synaptosomes were increased by 45-75% over values observed on unlesioned sides (Fig. 3) . Tables 3 and 4 . Significance versus corresponding control side: *** < 0.00 1. p Discussion This study demonstrates that surviving cholinergic neurons in the hippocampus functionally compensate for partial destruction of the cholinergic septohippocampal pathway. The partial destruction, obtained by partially transecting the fimbria and manifested by a pronounced reduction in choline& element density and diminutions in parameters reflecting presynaptic cholinergic function in vitro, did not reduce hippocampal endogenous ACh levels or the in vivo synthetic capacity.
Transection of the lateral fimbria used for partial septohippocampal lesioning results in a gradually increasing loss of cho-linergic neurite density along the septotemporal axis of the hipincrease in the capacity of residual cholinergic terminals to store pocampus. Limitations in the sensitivity of the methods ACh. This may involve the storage of an increased number of employed for measuring cholinergic function precluded us from or different pools of vesicles within the terminal. The notion testing for compensation of ACh synthesis as a function of varthat residual cholinergic terminals compensate by upregulating ious degrees of cholinergic denervation. All measurements were specific parts of the presynaptic cholinergic machinery is supperformed on entire, individual hippocampus, and the data reported by recent observations by Ruberg et al. (1990) which fleet average values in this structure. The in vitro parameters show that the density ofbinding sites for vesamicol, a compound used to assess cholinergic function, ChAT activity in homogethat specifically labels the ACh uptake carrier protein present nates, [3H] ACh synthesis by hippocampal slices, [3H] ACh reon cholinergic vesicles in brain, is not altered by lesions of lease from hippocampal slices, and the activity of the HACU cholinergic pathways even though the lesion reduced ChAT system in synaptosomes were reduced to 35-55% of control activity. values in partly lesioned hippocampus. Because the tissue was
The findings indicate that compensatory elevations of transdisrupted for these assays, this parameter most likely reflects mitter synthesis and release are not a unique feature of catethe maximal capacity of cholinergic terminals to synthesize ACh cholaminergic systems and may represent a common regulatory from exogenous choline. Given the uniform reductions of in mechanism of many or all neurotransmitter systems. If so, these vitro cholinergic parameters, it is justified to assume that the compensatory changes may be of considerable importance for parameters measured reflect the density of residual cholinergic functional plasticity in the brain after injury and degeneration. neurons and can serve tentatively as a basis to calculate ACh Functional compensation at the level of transmitter synthesis synthesis per remaining neuron as shown in Figure 3 . According and release may occur in parallel with compensatory changes to these calculations, there is a 50-70% upregulation of ACh at the morphological level, sprouting and regeneration. In consynthesis in cholinergic axons surviving the partial fimbrial trantrast to sprouting and regeneration, which require activation of section. The compensatory mechanisms shown to operate in the complex programs of gene expression, functional compensation hippocampus following a partial lesion of its cholinergic input can be mediated by relatively simple, existing mechanisms refail to operate after full fimbrial lesions that reduce the levels sulting in higher energy demand of surviving cells but not inof presynaptic cholinergic parameters to approximately 20% of volving reprogramming of the pattern of gene expression. As control values. The precise limit of compensation remains to illustrated by the dopaminergic system in Parkinson's disease, be determined.
functional compensation is able to prevent behavioral manThe mechanisms involved in the functional upregulation of ifestions of the gradual loss of cells until only a small percentage ACh synthesis by surviving axons remain to be established. Such of the total population remains. Because basal forebrain chomechanisms must provide residual cells with information about linergic neurons degenerate in Alzheimer's disease, it seems the status of other cells belonging to the same population. There possible that functional compensation in this system may postare several plausible hypotheses: (1) It is possible that following pone certain behavioral manifestations. partial fimbrial lesions there is an alteration of autoregulatory mechanisms involved in the synthesis and release of ACh. Presynaptic muscarinic and nicotinic receptors have been shown to be involved in the fine regulation of ACh release in the hippocampal formation (Szerb et al., 1977; Araujo et al., 1988b; Lapchak et al., 1989b,c) . Thus, increased activation of nicotinic or decreased activation of muscarinic receptors stimulating ACh release may allow for a reactive increase in the synthesis of ACh (i.e., increased tissue content of ACh). A prerequisite for such local control of transmitter release is the accessibility of ACh released from a given terminal to presynaptic receptors on the same terminal and on neighboring terminals. Such a mechanism seems particularly attractive because of its minimum structural requirements.
It is supported by observations on the dopaminergic nigrostriatal system, where the removal of polysynaptic inputs and electrical inhibition of cell bodies did not dimish the functional upregulation of dopamine synthesis in the terminal area (F. Hefti and E. Melamed, unpublished observations) . However, such a local intrahippocampal compensatory mechanism should also operate in tissue slices and therefore is not supported by our findings. (2) Cholinergic cell bodies could influence each other by axon collaterals in the septum mediating mutually inhibitory influences. Loss of part of the cell population would then reduce the inhibition normally provided by neighboring neurons. (3) Information on the status of the cholinergic system could be mediated by a feedback system involving non-cholinergic neurons. Partial destruction of the cholinergic system could alter the activity of such feedback systems. Any of the listed compensatory mechanisms could result in an
